Abstract-A number of manmade chemicals have deleterious effects on the developing immune system. Very few assay systems are available to study the effects of xenobiotics on hematopoietic stem cells. In rodent models, assays require exposure of pregnant females and analysis of the hematopoietic potential of stem cells from the offspring. These models are less relevant to lower vertebrates such as fish or amphibians where exposure of embryos is direct. To overcome this problem, an amphibian model was developed. Diploid (2N) embryos (16-20 h of age) of the South African clawed frog, Xenopus laevis, were exposed to 10 g/ml diazinon or 10 Ϫ6 M lead acetate for 2 h. After 2 h, the ventral blood island (VBI) was transplanted from a chemically treated or untreated control embryo to an untreated triploid (3N) host embryo. After 55 d, the contribution of the donor VBI-derived stem cells to populations in the blood, thymus, and spleen was assessed by flow cytometry. Diazinon, but not lead acetate, interfered with the ability of transplanted stem cells to contribute to hematopoiesis. Because amphibian embryos are very sensitive indicators of the toxic effects of chemicals, this VBI assay could be employed to test any toxic chemical that is suspected of having a negative effect on development of the hematopoietic system.
INTRODUCTION
The amphibian immune system is very similar to that of mammalian species (reviewed in [1, 2] ). The adaptive immune system is characterized by organs and cells that serve similar functions as those of mammals. Amphibians have T and B lymphocytes [3] that express rearranging T-cell receptors and immunoglobulin receptors [4] [5] [6] . They have a major histocompatibility complex encoding classical class I and class II molecules (reviewed in [7] ). Amphibians express several immunoglobulin isotypes [8] [9] [10] [11] [12] , and they can produce leukocyte-derived cytokines [13] [14] [15] [16] [17] . Their innate immune system includes phagocytic cells, a complement system, and natural killer cells (reviewed in [2] ).
The immune system, as it has evolved in all vertebrate species including amphibians, protects the host from infection by environmental pathogens. The great diversity and flexibility of the adaptive immune response depends on a continuing process of self-renewal from a population of hematopoietic stem cells. Although immunotoxic effects of xenobiotic chemicals on the mature immune system are well-documented in mammalian species (reviewed in [18, 19] ), there is much less information available on the effects of these chemicals on the immature or developing immune system (reviewed in [20] [21] [22] ). Some studies suggest that toxic agents delivered to pregnant females or newborn animals have more pronounced effects than if they are delivered to adult animals (reviewed in [21, 22] ). These studies suggest that the developing immune system may be especially vulnerable to the toxic effects of xenobiotics. Most insults to the adult immune system cause temporary loss of function because many components of the immune system will renew themselves. If, however, pluripo-* To whom correspondence may be addressed (louise.rollins-smith@vanderbilt.edu).
tential hematopoietic stem cells are destroyed (for example by gamma irradiation), the consequence is irreversible loss of renewal capability. Most immunotoxicology studies use rodent (mouse and rat) model systems (reviewed in [20] [21] [22] ). They are viewed as very good models of the human immune system, and they are the ideal choice for most studies. However, studies of the effects of toxic agents on the very early immune system must deal with the problem that mammalian species develop in utero. Manipulations of the developing fetus are difficult, and determinations of fetal exposure are necessarily indirect. These models are less relevant to lower vertebrates such as fish or amphibians where exposure of embryos to hazardous chemicals is direct. Because amphibians develop free of maternal influences, they may be valuable models to study potentially adverse effects of environmental chemicals during early development.
Amphibians long have been the favorite choice for studies of embryonic development, and thus the location of embryonic stem cell compartments and the pattern of development of the hematopoietic system are very well understood (reviewed in [23] ). Two regions of the lateral plate mesoderm contribute to hematopoiesis [24] [25] [26] [27] . The dorsal lateral plate and the ventral blood island (VBI) both give rise to erythrocytes, thymocytes, T lymphocytes, and B lymphocytes [25, 26, 28, 29] . Ventral blood island is the main stem cell source for larval hematopoiesis (primitive stem cell source) and the dorsal lateral plate contributes cells that function later in the postmetamorphic period (definitive stem cell source; reviewed in [23] ). For these studies, we chose to transplant the VBI of exposed and control embryos and examine larval populations of lymphocytes and erythrocytes about 50 d later when the tadpole lymphocyte population is maximal prior to metamorphic transition [29, 30] .
Our results demonstrate that the common pesticide diazinon, but not lead acetate, interfered with development of he- matopoietic cells. These experiments demonstrate the feasibility of this direct assay system as an alternative to current mouse or rat models for testing the effects of immunotoxic chemicals on the developing immune system.
MATERIALS AND METHODS

Experimental design
The overall design of the experiments is shown in Figure  1 . Briefly, diploid (2N) embryos were exposed to potentially immunotoxic chemicals for 2 h. Control embryos were untreated. The VBI from an experimental or control embryo was removed surgically and transplanted to an age-matched triploid (3N) embryo. Transplanted embryos developed into tadpoles and were sacrificed 55 to 56 d later. Cells from the blood, thymus, and spleen were removed, and the nuclei were stained to determine the contribution of transplanted 2N hematopoietic stem cells by flow cytometry.
Frogs
Although Xenopus laevis developed from an ancient tetraploid species [31] and has almost twice the number of chromosomes as the natural diploid species, Xenopus tropicalis, the mitotic karyotype is 18 chromosome pairs [32] . Xenopus laevis, therefore, is regarded as a functional diploid, and we have followed the accepted convention of referring to the natural chromosome complement as diploid or 2N and the 2 ϩ 1 chromosome complement as triploid or 3N.
Major histocompatibility complex homozygous J-strain females were induced to ovulate by injection of human chorionic gonadotropin according to standard protocols [29] . J-strain males were sacrificed to provide sperm for in vitro fertilization [29] . Transplanted tadpoles were reared at a density of approximately 10/4 L of dechlorinated tap water. Their water was changed three times weekly, and they were fed finely crushed nettle leaf. Larval stages were determined according to the Normal Table of Nieuwkoop and Faber [33] . Animal manipulations were performed in accordance with the Vanderbilt University Institutional Animal Care and Use Committee (Nashville, TN, USA).
Production of triploid (3N) frogs
Triploid embryos were produced by the method of Kawahara [34] . In vitro fertilized eggs were immersed in cold (2-3ЊC) 5% De Boer's solution [35] for 15 min at 15 min postfertilization. Cold 5% De Boer's solution was then replaced by room temperature dechlorinated tap water.
Embryonic exposure to xenobiotic chemicals
Diploid (2N) and triploid (3N) embryos were placed in sterile dechlorinated tap water or modified Holtfreter's solution [29] with antibiotics (100 International Units/ml penicillin and 100 g/ml streptomycin) and incubated at 18ЊC for 16 to 20 h until they reached Nieuwkoop and Faber stages 15 to 23 [33] . The jelly coat and fertilization membrane were removed manually with fine watchmaker's forceps. After removal of the jelly coat and fertilization membrane, the embryos were placed in Holtfreter's solution with antibiotics. Two hours prior to the time of transplantation, some 2N embryos were placed in modified Holtfreter's solution containing 10 g/ml diazinon (diluted from a commercially available 25% diazinon concentrate containing 75% inert ingredients) or 10 Ϫ6 M (3.8 g/ml) lead acetate (Sigma, St. Louis, MO, USA) for 2 h. A 2-h exposure was chosen because of the very rapid rate of development of X. laevis embryos. After exposure, the embryos were returned to fresh modified Holtfreter's solution and placed at 4ЊC until they were used as transplant donors. Untreated control embryos remained in Holtfreter's solution with antibiotics for 2 h and were placed at 4ЊC until they were used as transplant donors.
Ventral blood island transplantation
The VBI region was transplanted as described previously [29] . A 2N and 3N pair of embryos at the same stage was placed ventral side up in agar-lined depressions. An area of ventral ectoderm and underlying mesoderm containing the VBI was removed from the 2N embryo with finely drawn glass needles. An identical area of ventral ectoderm and mesoderm was then removed from the 3N embryo and discarded. The 2N VBI was placed on the 3N embryo and held in place with a piece of sterile broken cover slip. Grafts were allowed to heal for 30 to 60 min at room temperature, and the cover slip was removed. Transplanted embryos remained in full strength Holtfreter's solution with antibiotics for 2 to 4 h and were then transferred to 10% Holtfreter's solution containing antibiotics.
Preparation of cells and analysis by flow cytometry
At 55 to 56 d post-transplantation, 3N host tadpoles were sacrificed and cells from blood, thymus, and spleen were collected as described previously [29] . For counting, cells from individual organs or blood were washed once and resuspended in 600 l of L-15 medium supplemented with 1% fetal bovine serum, 100 International Unit/ml penicillin, and 100 g/ml of streptomycin [29] . An aliquot was removed, stained with trypan blue, and viable cells were counted with a hemocytometer counting chamber. Remaining cells were stained with propidium iodide as described previously [29] and analyzed on a Becton-Dickinson FACScan flow cytometer (Franklin Lakes, NJ, USA). Sample analysis employed gated data collection in which linear fluorescence area and linear fluorescence width signals were used to set data acquisition gates excluding cell aggregates and debris. The integrated linear fluorescence signals, collected on a single cell population, were accumulated in 1,024 channel histograms, and list mode data files were [29] or lead-treated (10 Ϫ6 M) donors (n ϭ 5). Data were compared by a Student's t test. The percentage of 2N VBIderived cells in spleen, thymus, and blood of tadpoles receiving implants from lead-treated donors was not significantly different from that of tadpoles receiving implants from untreated donors. Fig. 3 . Percentage of 2N ventral blood island (VBI)-derived cells (mean Ϯ standard error) in spleen, thymus, and blood of the tadpoles receiving implants from untreated donors (n ϭ 20 including 11 historical controls) [29] or diazinon-treated (10 g/ml) donors (n ϭ 6). *Significantly less than recipients of implants from untreated donors by Student's t test, p Յ 0.05. saved for later analysis. The high voltage and gain were adjusted to place the G 0 /G 1 peak for a control diploid population at channel 200. The G 0 /G 1 peak for triploid cells thus would fall at about channel 300. The percentage of 2N and 3N cells present in each chimeric cell population were determined after analysis of 5,000 to 10,000 nuclei per sample using ModFit analysis software (Verity Software House, Topsham, ME, USA).
Statistical comparison of data
Differences in the total number of cells (mean Ϯ standard error [SE]) recovered from the spleen and thymus of individual VBI-transplanted tadpoles (Fig. 2) ; differences in the percentage of 2N VBI-derived cells (mean Ϯ SE) in spleen, thymus, and blood of the tadpoles receiving implants from untreated donors, diazinon-treated (10 g/ml) donors, or lead acetate treated donors (10 Ϫ6 M) donors (Figs. 3 and 4) were compared by Student's t test. Differences in percent survival of control, diazinon-treated, or lead-treated groups of 2N embryos (Table 1) were compared by a Chi-Square test.
RESULTS
Assessment of the suitability of the host environment for development of hematopoietic cells
Previous studies have demonstrated that embryonic stem cells resident in the VBI contribute about 35% of total cells (predominantly lymphocytes) recovered from the spleen and thymus in late larval life [26, 28, 29] . To determine whether 3N hosts receiving implants from diazinon-treated or lead-treated embryos would provide a suitable environment for development of 2N-donor derived cells, the total number of leukocytes recovered from the spleen and thymus of hosts receiving grafts from chemically treated embryos was compared with that recovered from hosts receiving grafts from untreated embryos. The total number of cells recovered per organ from hosts receiving implants from chemically treated embryos was not significantly different from those receiving control implants (Student's t test, p Յ 0.05, Fig. 2 ). This demonstrates that the method of VBI transplantation did not interfere with the normal development of the thymus and spleen and that 3N hosts provided a suitable environment for maturation of the implanted stem cells regardless of the source. 
Assessment of embryo toxicity following diazinon or lead treatments
To determine whether a 2-h exposure to diazinon at 1, 10, or 100 g/ml or exposure to lead acetate at 10 Ϫ7 M, 10 Ϫ6 M, or 10 Ϫ5 M was directly toxic to embryos, the survival of small groups of treated embryos at three weeks of age was compared with that of embryos exposed to Holtfreter's solution. Survival was approximately 60 to 80% in all experimental groups and did not differ significantly from that of the control group (Table  1 , Chi Square test). The single exception was treatment with 10 Ϫ6 M lead acetate; survival was 52.2%. Although survival in the 10 Ϫ6 M lead acetate-treated group was significantly different from that of control embryos ( p Յ 0.05), survival of embryos treated with 10 Ϫ5 M lead acetate was not different from controls.
Effects of diazinon on hematopoietic stem cells in the VBI
The percentage of 2N-VBI-derived cells (predominantly leukocytes) that developed in the spleen of nine tadpoles that had received implants from untreated embryos was 33.2 Ϯ 9.2. The percentage of 2N-VBI-derived lymphocytes in the thymus of the same tadpoles was 35.9 Ϯ 11.8, and the percentage of 2N-VBI-derived cells (predominantly erythrocytes) in blood was 32.3 Ϯ 8.3. These numbers are very similar to the percentages observed in a previous study of 11 VBI-transplanted tadpoles [29] . In contrast, the percentage of VBI-derived leukocytes in the spleen of six recipients of diazinontreated donors was 15.9 Ϯ 4.5, the percentage of VBI-derived thymocytes was 5.6 Ϯ 3.3, and the percentage in VBI-derived erythrocytes was 19.7 Ϯ 7.4. These percentages are significantly less than controls (Student's t test, p Յ 0.05; Fig. 3 ).
Effects of lead on hematopoietic stem cells in the VBI
The percentage of VBI-derived leukocytes in the spleen of five recipients of lead-treated donors was 37.1 Ϯ 14.2. The percentage of VBI-derived thymocytes in the same tadpoles was 41.3 Ϯ 18.3, and the percentage in VBI-derived erythrocytes was 30.1 Ϯ 16.6. These percentages were not significantly different from the percentages of VBI-derived cells in recipients of VBI implants from untreated donors (Student's t test, p Ն 0.05; Fig. 4 ).
DISCUSSION
These studies were undertaken in order to develop a method to assess the potential immunotoxic effects of environmental chemicals on the developing immune system of directly exposed animals such as amphibians or fish. Diazinon was chosen because it is used widely as an agricultural chemical and in household applications to control insects, ticks, and fleas [36] . It has been shown to be immunotoxic for adult mice [37] and the offspring of mice exposed during pregnancy [38] . It is relevant to developing amphibians and fish because of its presence in water systems near agricultural or urban areas [36] . Neither diazinon nor lead were directly toxic to embryos at the concentrations tested (Table 1) , and recipient tadpoles developed a normal number of mature lymphocytes in spleen and thymus (Fig. 2) . However, consistent with its effects on the mature immune system, treatment of developing embryos with diazinon and transplantation of the VBI resulted in a lower than expected contribution of hematopoietic stem cells from treated embryos (Fig. 3) . This suggests that 2N hematopoietic stem cells from diazinon-treated embryos were less able to compete with the 3N hematopoietic stem cells of the host. However, because the diazinon preparation that we used contained unspecified inert ingredients, we cannot rule out the possibility that the effects on hematopoiesis were due to other materials in the preparation.
Previous studies have shown that chronic or acute exposure of developing rats and chickens to lead acetate results in decreased cell-mediated immune functions [39] [40] [41] . However, the acute exposure to lead at the concentration tested in this study (10 Ϫ6 M ϭ 3.8 g/ml) did not appear to interfere with the ability of amphibian hematopoietic stem cells to contribute to the development of the tadpole immune system (Fig. 4) . Because exposure of developing embryos in the mammalian models was through the drinking water of their mothers during gestation, it is difficult to compare the exposure levels. The closest study to ours involved injection of avian embryos with 5 or 10 g of lead acetate in a volume of 0.1 ml. This exposure would be equivalent to 50 g/ml or 100 g/ml, about 10-fold higher than the exposure used in our experiments [40] . A greater effect on amphibian hematopoiesis might have been observed with exposure at a higher concentration. Studies of developing rats suggest that the effects of lead are more pronounced when the exposure occurs at 15 to 21 d of gestation after the earliest stem cells have colonized the thymus and bone marrow [41] . In our experiment, the exposure to lead occurred in a very narrow window of development and was at a much earlier stage of development. It may have been too early or for too short a duration to have long-term effects.
The value of this model to test the effects of potential immunotoxic chemicals on the developing immune system lies in its simplicity. Amphibian embryos were exposed directly as they would be in a natural setting. In our experiments, the jelly coats and fertilization membrane were removed prior to exposure. However, a recent study of the uptake and metabolism of the herbicide isoproturon by amphibian embryos demonstrated that the jelly coat is not a significant barrier to penetration and metabolism of this agent [42] . With this model system, the effects of a specific chemical agent can be tested independently of any effects it may have on other developing organ systems because only the hematopoietic region of the embryos is transplanted. Production of triploid amphibians is very simple, and the amphibian diploid/triploid transplantation model has been validated repeatedly [23] [24] [25] [26] [27] [28] [29] . The principal limitation of this method is the requirement for an individual experienced in the manipulation of amphibian embryos. The VBI-transplantations require patience and skill. The very rapid rate of development of X. laevis embryos limits the number of embryos that can be transplanted at embryonic stages 15 to 23. The problem can be overcome, in part, by repeated ovulations and in vitro fertilizations so that small groups of developing embryos can be manipulated over a longer period of time.
This novel method may be a useful alternative to methods used currently to assess the effects of immunotoxic chemicals on the developing immune system. It could be used to test the effects of specific agricultural chemicals that may enter natural aquatic systems and have the potential to alter immune system development in amphibian or fish species. Because the fundamental features of immune system development are the same in all vertebrate species, this model also may have the potential for assessment of the developmental immunotoxicity of agents that could affect mammalian species and human beings.
